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Abstract-A two-branch phase sweeping transmitter diversity 
scheme that can produce forced fast fading at the receiver is 
proposed for improving the effect of channel coding on bit 
error rate (BER) performance in very slow multipath fading 
environments. While the proposed transmitter diversity requires 
two transmit antennas, a single receive antenna can be used. 
Hence, it is most applicable for digital paging systems that 
require very simple receivers. The digital modulated signal is 
transmitted simultaneously from the two spatially separated an- 
tennas, with the carrier for one antenna being phase modulated 
by the phase sweeping function 9(t).  Two sweeping functions 
are considered: ~ ( t )  = A 0  s i n ( 2 r f ~ t )  (sinusoidal) and 2 7 r f ~ t  
(linear). An analysis shows that when bit interleaving of m-bit 
depth is used, it is required that A 0  > r and mnfHT > 112 
(sinusoidal) or >1 (linear) where n is the codeword length 
of the error correction code and T is the bit length of the 
digital transmission. When 32-kbps transmission with m = 10- 
bits interleaving and BCH (23,12) error correction code (n = 23) 
are used, fa = 70 Hz is sufficient for the sinusoidal phase 
sweeping function. Therefore, bandwidth expansion due to phase 
sweeping is negligible. Experimental results on transmitter diver- 
sity with the sinusoidal phase sweeping function are presented 
for 32 kbps quarternary differential phase shift keying (QDPSK) 
with differential detection. 
I.  INTRODUCTION 
N land mobile radio, multipath fading severely degrades I bit error rate (BER) performance [l]. Diversity reception 
and channel coding are well-known techniques for reducing 
the impact of multipath fading. When channel coding is 
applied, the received signal envelopes associated with each bit 
among the codeword must be subject to independent fading; 
otherwise, the decoded BER performance may be degraded 
by burst errors before decoding. Hence, for very slow fading, 
bit interleaving is often applied in order to randomize bursty 
errors. However, excessively long interleaving is counter pro- 
ductive since bit interleaving incurs substantial time delay. 
Instead of bit interleaving, frequency hopping can be used to 
produce forced fading fast enough to cause random errors. The 
idea of frequency hopping is to hop among the frequencies 
cyclically or randomly, with the frequencies separated by 
the coherence bandwidth of the multipath channel. Saleh and 
Cimini investigated the combined effects of frequency hopping 
and channel coding [2 ] .  
Frequency hopping makes use of the decorrelation property 
of fading in the frequency domain while bit interleaving 
utilizes the decorrelation property in the time domain. It must 
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be noted that the decorrelation property of fading in the space 
domain can also be used to generate forced fast fading. In 
this paper, we propose a phase sweeping transmitter diversity 
scheme in which the modulated signal is transmitted from 
two spatially separated antennas; the carrier for one of two 
antennas is phase modulated independently of the original 
signal modulation. While the proposed transmitter diversity 
requires two transmit antennas, a single receive antenna can 
be used. Hence, it is most applicable for digital paging systems 
that require very simple receivers. 
This paper investigates the combined effects of the two- 
branch phase sweeping transmitter diversity scheme and chan- 
nel coding. In Section 11, the operating principle is presented. 
Section 111 analyzes its performance. A relatively short block 
code is assumed for channel coding. The relationship of sweep- 
ing frequency and bit interleaving depth for a given codeword 
length is presented. Experimental results for quarternary DPSK 
(QDPSK) signal transmission are presented in Section IV. 
11. TRANSMITTER DIVERSITY COMBINED 
WITH CHANNEL CODING 
In this section, we first describe how the word error rate 
(WER) of an (n ,  I C )  block error correction code is affected by 
fading rate (two extreme cases are considered; very slow fad- 
ing and very fast fading). Binary DPSK modulation is assumed 
for simplicity. It will be shown that if the fading is fast enough, 
error correction can function as diversity combining. Then, a 
phase sweeping transmitter diversity combined with forward 
error correction is proposed to generate forced fast fading at 
the receiver to improve the transmission performance in the 
very slow fading environment. 
A.  Effect of Fading Rate on WER Performance 
When an (n, k )  block error correction code with t-bit error 
correction capability is used, the WER is given by 
where p ,  = 1 / 2  exp(-y) is the BER for the signal energy 
per bit-to-noise power spectrum density ratio (Eb/No)r. We 
have assumed that double errors due to differential detection 
[3] can be ignored because bit interleaving converts them into 
single errors. 
For very slow Rayleigh fading (signal envelope is almost 
constant over several codewords), the average WER can be 
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Average E,/N, (dB) 
Fig. 1. Average WER performance in Rayleigh fading. 
obtained by averaging (1) with the probability distribution 
function (pdf) of y (for derivation, see Appendix): 
F.. \ , 
i=t+l  
where r is the average &,/No. Calculated results for BCH 
(23,12) are shown in Fig. 1 as solid lines. BCH (23,12) 
can correct up to three bit errors ( t  = 1 - 3 ) .  It can be 
seen that the performance cannot be significantly improved 
by increasing the error correction capability t (even if bit 
interleaving is employed, the performance in very slow fading 
cannot be improved). This is because, when the signal is in 
deep fade, bit errors are produced within a codeword with a 
probability of almost 0.5. 
On the other hand, with very fast fading, the signal level 
does not fade entirely over a codeword, and random bit errors 
are produced. In this case, the average WER can be calculated 
by substituting the average BER P, = 1/{2(1 + I?)} into (1). 
The results are also shown in Fig. 1 as dotted lines. Increasing 
the error correction capability significantly improves the WER 
performance. For large average &/No values, we have 
Pw=( " ) - -  1 1  
t +  1 2t+1 rt+l (3) 
which suggests that channel coding has an effect equivalent 
to ( t  + 1) branch diversity reception. This can be understood 
qualitatively as follows. If the fading is fast enough, the 
signal envelope associated with each bit (or symbol) within 
a codeword varies independently, yielding a Rayleigh distri- 
bution. When the signal envelope fades below the receiver 
noise level, errors are produced. Channel coding can correct 
up to t-bit errors; if more than t envelopes within an n-bit 
codeword fade simultaneously, then incorrect decoding results. 
The probability that more than t independent envelopes fade 
simultaneously is equivalent to the probability that the ( t  + 1) 
branch selection combiner output fades below the noise level. 
This suggests that error correction can function as diversity 
combining, and thus significant improvement can be obtained. 
B. Phase Sweeping Transmitter Diversity 
Frequency hopping and/or bit interleaving can be employed 
to spread bursty errors; they can be viewed as a technique 
to create fast fading. Frequency hopping and bit interleaving 
make use of the decorrelation property of fading in the 
frequency domain and in the time domain, respectively. Bit 
interleaving is effective if the fading is not too slow. 
If block bit interleaving of m-bit depth is used, the equiva- 
lent fading rate (or maximum Doppler frequency) is increased 
by m times. However, if block bit interleaving of m x n 
bit size is used, m n T  second delay is incurred, where n is 
codeword length, and T is bit duration. If long delays are not 
allowed, the equivalent fading rate cannot be greatly increased. 
In particular, improvement cannot be expected for the case of 
very slow speed mobile stations typical in paging systems. 
This problem can be solved if we generate forced fading 
which is independent of mobile station speed. This allows bit 
interleaving with short interleaving size to be applied. 
The decorrelation property of fading in the space domain 
can be utilized. If two spatially separated transmit antennas 
are employed, and the two antennas are switched periodically 
so that only one antenna is active at any one time, forced 
fading is produced at the receiver with the fading rate being 
controlled by the antenna switching rate. This scheme can be 
called transmitter diversity using antenna switching. However, 
antenna switching produces periodic abrupt phase changes 
in the received signal, thereby causing periodic errors. In 
order to avoid this problem, a phase sweeping transmitter 
diversity is proposed; the modulated signal is transmitted 
simultaneously from two antennas, the carrier transmitted from 
one antenna being phase modulated independently of signal 
modulation. This produces fast fading similar to that produced 
by transmitter diversity using antenna switching. 
The new scheme is called phase sweeping transmitter diver- 
sity. Fig. 2 shows a block diagram of two-branch phase sweep- 
ing transmitter diversity. Only one signal is phase modulated. 
If bit interleaving is combined with the proposed scheme, 
channel coding can be expected to improve transmission 
quality even in very slow fading environments. 
111. ANALYSIS 
A. WER Performance 
The received signal is a combination of two independent 
fading signals that are transmitted from two spatially separated 
antennas: 
e l ( t )  = 
en@) = R2(t)cos[wCt + Q S ( t )  + @ 2 ( t ) ]  
cos[w,t + Q S ( t )  + @i(t) + ~ ( t ) ]  
(4) 
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 05,2010 at 02:33:50 EST from IEEE Xplore.  Restrictions apply. 
172 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 41, NO. 2, MAY 1992 
- 
H 
Transmitter - y Receiver 
where Ri(t) and @i(t)  are the random envelope and the 
random phase due to fading. Q S ( t )  is the information bearing 
phase and v ( t )  is the hopping phase. The instantaneous &,/No 
of each signal is ri(t) = (BT)RH(t)/2N, where N is the 
noise power and B is the noise bandwidth of the receiver's 
filter. The instantaneous &/No of the combined signal is thus 
where 0 1 2 ( t )  = @ l ( t )  - @a@). For very slow fading, n ( t ) ,  
~ 2 ( t ) ,  and @ 1 2 ( t )  can be assumed to remain constant over 
several codewords even if bit interleaving is employed. How- 
ever, if ~ ( t )  varies linearly and is uniformly distributed over 
27r within a codeword, the BER of BDPSK becomes: 
-dt) = n ( t )  + Y2(t) + 2 d m  . 4 @ 1 2 ( t )  + v(t)l, 
27r 
where l o ( . )  is the zeroth order modified Bessel function. 
Average WER can be obtained by substituting (5 )  into (1) and 
averaging over y1 and 7 2 .  When two-branch phase sweeping 
transmitter diversity is employed, the received signal power at 
the mobile station is equally contributed from two transmitters. 
Therefore, the average &/No contributed from each branch is 
one half of the total average &/No value, Le., r / 2 .  Assuming 
y1 and 7 2  are independent (this can be achieved if the transmit 
antenna spacing is large enough), the average WER can be 
calculated from 
M M  
' dr1 dY2. (6) 
The numerical results of average WER are shown in Fig. 3 
for BCH(23,12) with three-bit error correction (t = 3). For 
comparison, the performance of phase sweeping transmitter 
diversity combined with perfect bit interleaving (or very fast 
Rayleigh fading) is shown as a dotted line. Also shown is the 
performance of two-branch receiver diversity using selection 
combining (SC) and maximal ratio combining (MRC). This 
will be discussed in Section 111-C. 
B. Phase Sweeping Function q( t )  and Interleaving Depth 
q(t)  = 27r fHt or A@ sin(27r f ~ t )  can be used, where f H  is 
the sweeping frequency which determines the rate of forced 
10- 
E 
3 10- 
P 
m M 
I 
10- 
in- 
Very slow Rayleigh fading 
BDPSK 
BCH (23 ,12 )  with 
3-bit error correction 
Phase-sweeping 
transmitter diversity 
0 5 IO 15 20 25 
Average E,/N, (dB) 
Comparison of WER performance. Fig. 3. 
fading. Assuming block bit interleaving with depth m, the 
phase vi of the ith bit of n-bit codeword is ( i  = 1,2,  . . + n): 
vi = v (m.  T . i) = 27rm f H  . T . i or 
A@ sin(27rm f~ . T . i). (7) 
In the case of a linear phase sweeping function, if 
mnfHT > 1 (8) 
then, vi is uniformly distributed over ( 0 , 2 ~ ]  within a single 
codeword. For 32-kbps transmission systems, f H  > 1391/m 
Hz is required for BCH(23,12) code; hence, f H  > 139 Hz if 
m = 10 bits. 
For a sinusoidal phase sweeping function, there are two 
parameters, A@ and f ~ ,  to be determined. It can be readily 
understood that A@ > ~r is required. Because of sinusoidal 
function, if mnfHT = 1 and A@ = 7r are chosen as 
in the case of linear function, the phase vi varies 0 -+ 
T -+ 0 -+ -~r + 0 within a single codeword, and therefore, 
the instantaneous &/No of the combined signal varies two 
times faster than in the linear function case (for the linear 
phase sweeping function, vi varies 0 -t T -t 21r within a 
single codeword). Considering that the variation rate of the 
instantaneous ,!&/No corresponds to the maximum Doppler 
frequency f D  in the case of no transmitter diversity and the 
interleaving depth depends strongly on the value of fD,  it is 
plausible that the sweeping frequency f H  for the sinusoidal 
phase sweeping case can be half that of the linear phase 
sweeping case. As a consequence, we have 
A@ > IT, mnfHT > 112 (9) 
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for the sinusoidal phase sweeping case. For a 32-kbps trans- 
mission system, f H  > 697/m Hz is required for BCH(23,12). 
Therefore, f H  > 70 Hz if m = 10 bits. In real fading 
environments, however, fading is not always fast enough to 
permit error correction to significantly improve the trans- 
mission performance even if bit interleaving is applied. The 
proposed transmitter diversity scheme generates fast fading 
for improving the transmission performance. From (8) and 
(9), mnfHT > 1 (linear) and 1/2 (sinusoidal) are required. 
The sweeping frequency f H  can be considered equivalent to 
the maximum Doppler frequency of fading. This suggests that 
if fading is slow such that mnfDT > 0.5 - 1 cannot be 
satisfied (if m = 10 bits and n = 23 bits are used for 32- 
kbps transmission, the corresponding value of fo is 70 - 
140 Hz), then transmitter diversity can be effectively applied. 
In digital paging systems, for example, fading is very slow. 
Assuming that fo = 1 Hz without transmitter diversity, the 
required interleaving depth m is 696 - 1390 bits, resulting 
in a very large interleaving size (16000 - 32000 bits). With 
transmitter diversity, however, that f H  = 70 - 140 Hz allows 
the use of m = 10 bits. The advantage of the proposed phase 
sweeping transmitter diversity is that bandwidth expansion is 
negligible as well as eliminating the need for excessively long 
bit interleaving depth. 
C. Comparison with Receiver Diversity 
Receiver diversity is a well known and powerful technique 
to reduce the effect of fading. Assuming very slow fading, the 
average WER is obtained by averaging (1) with the pdf of the 
instantaneous &/No with two-branch receiver diversity (see 
Appendix): 
Pw 
A /  
2' (i+ir)* ' tor MKG. 
The results are shown in Fig. 3. 
The required &,/No's for average WER= lop2 are com- 
pared. The required &/No for two-branch transmitter diver- 
sity is 15.5 dB, which is 4.7 dB larger than that for the receiver 
diversity using SC.l The reason is that receiver diversity ef- 
fectively combines the received signals using the channel state 
information of each branch while the phase sweeping scheme 
does not. However, the advantage of transmitter diversity 
is that a single receiver can be used and the receiver does 
not require the additional functions demanded by receiver 
diversity. 
If the bit interleaving depth m is large enough (perfect bit 
interleaving), the instantaneous Eb/No of the combined signal 
associated with each bit in a codeword varies independently 
'The proposed phase sweeping scheme can be applied to the receiver. 
Two receive antennas are used in this case, and one of the two received 
signals is phase modulated by either a linear or sinusoidal phase sweeping 
function before combination to produce forced fast fading on the resultant 
combined signal. In this case, the average Eb/lYo on each antenna is equal 
to r. Therefore, the required Eb/ivo becomes 12.5 dB, which is a 3-dB 
improvement over the transmitter diversity case and the diversity gain is only 
1.7 dB smaller than that of SC. 
according to an exponential distribution with the average I?. 
This relationship is plotted as a dotted line in Fig. 3. It can 
be seen that the required &/No at average WER = l op2  for 
transmitter diversity combined with perfect bit interleaving is 
the same as that for SC receiver diversity. If an average WER 
of less than is required, transmitter diversity combined 
with perfect bit interleaving outperforms SC receiver diversity. 
D. Comparison with Other Transmitter Diversity Schemes 
The concept of transmitter diversity was first proposed 
for AM mobile communication systems [4 1. The transmitted 
carrier frequencies are separated from each other (i.e., linear 
phase sweeping is used in this case) by at least twice the audio 
bandwidth. This type of transmitter diversity was applied to 
digital FM mobile radio for improving the BER performance 
in fast fading environments [5]-[8]. All previously proposed 
transmitter diversity schemes employ very fast phase sweeping 
functions so that the resultant received signal at the receiver 
varies within 1-bit duration. This is the major difference 
from the transmitter diversity scheme proposed in this paper; 
slow phase sweeping can be employed here because forward 
error correction is used. The main drawback of the previous 
transmitter diversity scheme is its bandwidth expansion which 
is nearly equal to 1/T [8] which, therefore, makes it unsuitable 
for narrow-band systems. 
On the other hand, the proposed phase sweeping transmitter 
diversity scheme utilizes the implicit diversity combining 
function of channel coding, and uses slow phase sweeping. 
When q ( t )  = 2 n f H t  is used as the phase sweeping function, 
the bandwidth expansion is exactly f H  Hz, and is on the 
order of several tens of hertz. The use of bit interleaving can 
further reduce the sweeping frequency as shown in (8) and 
(9). Therefore, the bandwidth expansion can be neglected for 
transmission around 16-32 kbps. 
IV. EXPERIMENTS 
The experiment block diagram is shown in Fig. 4. The mod- 
ulation/demodulation scheme employed QDPSK with raised 
cosine roll-off Q = 0.5 and differential detection. The bit rate 
was 32 kbps and the carrier frequency was 1.45 GHz. The 
sinusoidal phase sweeping function q ( t )  = A 0  sin(2n f ~ t )  
was applied. In the experiments, the combination of transmitter 
diversity and receiver diversity was also investigated. A two- 
branch post-detection SC receiver diversity [9] was used. 
Multiplicative Rayleigh fading with the maximum Doppler 
frequency f D  = 1 Hz was simulated. We assumed that the 
separation of the two transmit antennas and also that of two 
receive antennas were large enough to realize independent fad- 
ing signals. BCH(23,12) code with three-bit error correction 
and block bit interleaving with 23 x m bits were employed. 
Transmitted data consisted of a 51 1-bit PN sequence. In the 
experiment, bit error patterns were stored in the data memory, 
and average WER's were calculated to investigate the effects 
of the maximum phase A@, sweeping frequency fH, and 
interleaving depth m on WER performance. 
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Fig. 4. Laboratory experiment block diagram. 
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Fig. 5 .  Effect of maximum sweeping phase A@. 
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Fig. 6. Effect of sweeping frequency f ~ .  
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error correction 
II: 
W 
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A. Effects of Maximum Sweeping Phase and Frequency 
The effect on average WER of varying AO is shown 
in Fig. 5 when m = 10 bits, fH = 67 Hz, and average 
&/No = 19.6 dB. The effect of fH is shown in Fig. 6 
for m = 10 bits, A@ = 200". No receiver diversity was 
employed. As was expected from (9), as A@ approaches 180°, 
the average WER reduces rapidly and remains constant for AO 
larger than 200". The average WER reduces gradually as the 
fH value increases and remains constant for fH > 65 Hz. It 
can be shown from (9) that in the case of 32-kbps transmission, 
the minimum required value of fH is 70 Hz. The experimental 
results agree well with the theory. 
B. Effect of Interleaving Depth 
Fig. 7 shows the effect of interleaving depth on the average 
WER with and without transmitter diversity (fH = 67 Hz, 
A@ = 200"), for an average EbINo = 19.6 dB. No receiver 
diversity was employed. With transmitter diversity, the average 
WER can be reduced by increasing the interleaving depth m, 
and the same average WER's are obtained over a range of 
100 > m > 10 bits; however, without transmitter diversity, 
the average WER remains almost constant (no improvement 
is observed). Substituting fH = 67 Hz, n = 23 bits, and 
T = 1132000 seconds into (9) yields m > 10 bits. The 
measured results agree with the theory. 
Phase-sweeping 
transmitter diversity j , ,  , , , , ,  \ without 
1 10 100 
1 0 - ~  
Bit-interleaving depth m (bit) 
Fig. 7. Effect of bit interleaving depth m. 
For m > 100 bits, the average WER reduced again. This is 
because very large interleaving depths produce fast Rayleigh 
fading within a single codeword, and thus the average WER 
reduces again towards that obtained with transmitter diversity 
and perfect bit interleaving (see Fig. 3). However, a much 
larger interleaving depth may be required for the single branch 
case, and hence, no improvement can be seen without trans- 
mitter diversity. 
C. WER Performance 
Measured WER performance with fH = 67 Hz, AO = 
200", and m = 18 bits is shown in Fig. 8 as a function of 
average Eb/No, with and without receiver diversity. Without 
receiver diversity, the improvement in the required average 
&,/No is 4.8 dB at WER = lop2. This value is close to the 
calculated one (5.5 dB). With receiver diversity, an improve- 
ment of 2.3 dB is obtained. 
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Fig. 8. Combined effect of transmitter diversity and receiver diversity. 
V. CONCLUSION 
A novel transmitter diversity scheme that generates forced 
fading to improve the performance of channel coding has 
been proposed and investigated. Since the required phase 
sweeping frequency is much smaller than the transmission 
bit rate, bandwidth expansion is negligible. A sinusoidal 
phase sweeping function A@ s i n ( 2 ~ f ~ t )  was employed in 
laboratory experiments using 32-kbps QDPSK with differ- 
ential detection and BCH(23,12) code. It has been shown 
that A@ = 200' and fH = 67 Hz can be used when 
m (interleaving depth) = 10 bits. Hence, excessively long 
interleaving is not required by the use of transmitter diversity. 
Under very slow Rayleigh fading ( f ~  = 1 Hz), a measured 
improvement of 4.8 dB was obtained at WER = lo-' without 
receiver diversity. Applications include paging systems that 
require very simple receivers. 
APPENDIX 
Average WER can be calculated from 
(neglecting the effects of double errors due to differential 
detection). 
Substitution of binary DPSK bit error rate p ,  = 
1/2 exp(-y) into ( 1 1 )  and expansion yields 
The pdf p(y) of y with D-branch SC receiver diversity is 
and integration of each term with respect to y leads to 
HIROIKE et al.: EFFECTS OF TRANSMIITER DIVERSITY AND CHANNEL CODING I75 
1 
. ( D ; l )  ( i + k +  y)' 
Using 
(14) can be further simplified to 
D !  
Letting i + IC = 1, we obtain 
n 
Pw = 1 - ( Y )  
/=O 
r 1 
Finally applying 
we obtain the following result: 
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When D = 1, (19) gives the average WER without receiver 
diversity. In a similar way, the average WER using MRC 
receiver diversity can be obtained: 
, - , i - t - l  
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